Abstract. In recent years, bushfires and prescribed burns have caused substantial economic loss to the wine industry due to smoke taint, which makes wine unpalatable. Considerable research is being done to ameliorate smoke taint but the information available about the effect of smoke on grapevines is limited. We examined the physiological effects of short-term exposure to smoke on leaves of several varieties of grapevines. Gas exchange was measured before and after short-term exposure of leaves to smoke that was produced by combustion of two different fuels. For most varieties, short-term exposure to smoke had little effect on leaf physiology. For varieties that were affected by smoke, patterns of recovery of leaf physiology depended on fuel type. Short-term exposure to smoke had, at best, no significant effect and, at worst, only temporary effects on functioning of leaves. All varieties had recovered to pre-smoke functioning within 48 h. This study will contribute to the growing body of information relevant to fire and land management agencies and the wine industry in fire-prone areas including Australia, North and South America and Europe.
Introduction
On average, ,5 Â 10 7 ha of land have burnt each year between 1997 and 2003 in Australia as a result of both planned and unplanned fires (Ellis et al. 2004) . The economic loss associated with bushfire events in Australia has amounted to hundreds of millions of dollars over the last decade. In particular, bushfires during the summer of 2006-07 in Victoria caused an estimated loss of revenue of AU$7.5-9.0 Â 10 7 due to smoke taint in wine (Whiting and Krstic 2007) . Grapes exposed to smoke from prescribed burns or bushfires often produce wine and juice that is unpalatable and is therefore unprofitable. Such financial losses have prompted inquiry into the chemistry involved in smoke taint in wine and a comprehensive research program has been developed around this topic by the Australian wine industry (Jiranek 2011) . In contrast, research into the direct effects of smoke on grapevine physiology is lacking and the information currently available is anecdotal or poorly replicated. In light of predictions for increased bushfire risk in Australia (Beer and Williams 1995; Williams et al. 2001; Pitman et al. 2007) , the recent spate of landscape-scale wildfires in California and southern Europe, and the potential economic impact of fires (e.g. the wine industry in the US is estimated to be worth US$9 Â 10 10 , MKF Research 2006), national and international need for such research is likely to escalate.
It is well known that smoke from bushfires can alter atmospheric composition and can affect human health and visibility, but environmental effects of smoke are largely unknown. Consequently there is only a small body of literature exploring the effects of smoke on plant physiology and growth in Australia and elsewhere . Of the publications that are available, most are concerned with the effect of smoke on seed germination (e.g. see Dixon et al. 2009; Light et al. 2009 ) with little information available on the direct effects of smoke on the physiology and biochemistry of plants (e.g. Taylor and Van Staden 1998; Sparg et al. 2005; Jain and Van Staden 2006; Kulkarni et al. 2010) . In contrast, the adverse effect of air pollution on vegetation has long been described (see review by Ward and Hardy 1991) . Many of the reactive chemicals found in air pollution are also commonly found in bushfire smoke making the substantive literature dealing with the effects of air pollution on plant physiology a potential source of comparative information. Smoke from burning of vegetation contains a complex mixture of the visible products of burning (particulate matter and water vapour) and primary and secondary gaseous products including considerable quantities of CO and CO 2 and variable amounts of CH 4 , NH 3 , SO 2 , oxides of nitrogen (NO and NO 2 ), volatile organic compounds (VOCs) and polycyclic aromatic hydrocarbons (Crutzen and Andreae 1990; Ward 1999; Andreae and Merlet 2001; Stephens et al. 2007) . It can be hypothesised that differing leaf-level responses would result from exposure to smoke produced from different fuel types based on the extensive range of emissions produced during combustion of vegetation. This hypothesis is supported by variation among plant species in type and quantity of naturally emitted biogenic VOCs (Guenther et al. 1995; Winters et al. 2009) . In addition, it should be noted that the composition and quantity of smoke produced depends on moisture content and structural arrangement of fuel (Ward 1999) .
It is commonly reported that grapevines (Vitis vinifera L.) have a wide range of tolerance to stressful environmental conditions such as high temperature and high atmospheric vapour pressure deficit (Kadir 2006; Soar et al. 2006) , drought or limited water supply (e.g. Regina and Carbonneau 1999; Medrano et al. 2003; Stevens et al. 2008; Santesteban et al. 2009; Edwards et al. 2011) , high irradiance and UV-B radiation (Schultz 2000; Moutinho-Pereira et al. 2007 ) and salinity (Stevens et al. 1999; Ben-Asher et al. 2006) . Such tolerance is no doubt due to a long history of selection for varieties to withstand a multiplicity of climatic and soil conditions and changing agricultural practices, but also evolving consumer and market demand (see review by Jackson and Lombard 1993) . Indeed, grapevines are commonly grown in areas with Mediterranean-type climates where there is seasonal drought and in some circumstances may be cultivated under water-and nutrient-limited conditions to improve grape quality (Keller 2005) . Variation in yield and quality even occurs within a single vineyard and from year to year, due to subtle differences in climatic and soil conditions (Bramley and Hamilton 2004; Bramley 2005) . Given the tolerance and variability of this species, it can therefore be hypothesised that grapevines will be able to withstand short-term contact with smoke, at least in terms of leaf functioning.
The broad aim of the study was to determine physiological effects of short-term exposure of grapevines to smoke produced from combustion of known types of leaf litter. Two related studies were conducted -one in the laboratory using a smoke chamber and the second in a small glasshouse. Using measures of gas exchange of grapevine leaves before and after exposure to smoke, we set out to address three questions: (i) will leaf physiology be affected by short-term exposure to smoke, (ii) is there variation in response to smoke according to grapevine variety and (iii) will smoke from different fuel types cause different patterns of physiological response? With such insight, the effect of smoke on grapevines can be better understood and planned fires can be managed accordingly to reduce potential economic losses.
Materials and methods
Establishment of smoke chamber study Six grapevine varieties grafted onto known rootstocks (Cabernet Franc: clone FPS11/ rootstock 3309G, Cabernet Sauvignon: FPS07/5BB, Chardonnay: FPS04/SO4, Durif: FPS03/SO4, Pinot Noir: FPS37/5C and Syrah: TCVS/F, 120-mm canes) were sourced from a local supplier (Novavine, Santa Rosa, CA). Four weeks before experimentation, rootlings were transplanted into 180-mm diameter Â 200-mm depth plastic pots in a mix of sand, peat and vermiculite (1 : 1 : 1 v/v), and were maintained in glasshouse facilities at the University of California, Berkeley, CA. The glasshouse was naturally lit and held at a constant temperature of 258C and ambient humidity. Grapevine plants were supplied with slow-release fertiliser at the time of potting and were watered as required. Routine pest and fungal control measures were practiced fortnightly and plants were pruned as required to maintain a manageable size and to promote new leaf growth. All experimental plants were of similar size and age having been grown from canes and, as phenological stages are important in smoke taint studies (e.g. Kennison et al. 2011) , no flowers or fruits were present.
The smoke chamber was a modified sealed plastic cooler (370 Â 370 Â 940 mm) fitted with a dispersal manifold at the top allowing smoke to enter and a vacuum line at the bottom to draw smoke through to the chamber (see Calder et al. 2010) . A Perspex window (200 Â 250 mm) was fitted into the front of the chamber to expose plants to ambient light. Smoke was produced by combusting 200 mg of leaf litter (see below) in a glass funnel with a steel-screen. The funnel was fitted into the top of a filter flask that was connected to the vacuum line of the smoke chamber. The flask was cooled to 258C during combustion using a water bath. Leaf litter was burnt to ash and the smoke produced was pulled into the chamber under vacuum and held there for periods of 15 min by closing a tap fitted into the vacuum line. This particular time interval was used as it corresponded with exposure times already used in published (e.g. Calder et al. (2010) used 20 min exposure) and unpublished studies (P. Cowan, pers. comm.) to allow a broad comparison of plant responses. Two plants of the same variety were treated per day and photosynthetic measures were made between 0800 and 1600 hours.
The leaf litter used for production of smoke for the chamber study came from Coast Live Oak (Quercus agrifolia Née) and Tasmanian Bluegum (Eucalyptus globulus Labill.). The advantage of using these species as fuel is that they are likely to be a significant contributor to smoke emissions in the winegrowing regions of California as they occupy a sizeable area of the surrounding vegetation or as plantations and windbreaks (CalFlora 2012). Tasmanian Bluegum is a common forest tree in Victoria and Tasmania (Boland et al. 2006) and is therefore also expected to be a major contributor to smoke emissions during wildfires in these Australian states. Leaves from both species were collected from small plantings of mature trees on the University of California, Berkeley campus. Whole leaves were collected from the surface litter layer, air-dried and ground using a small electric grinder. Ground leaves were sieved to obtain the 2 mm fraction. All six grapevine varieties were treated once with smoke produced by combustion of leaf litter from Coast Live Oak but only four varieties (Cabernet Franc, Cabernet Sauvignon, Pinot Noir and Syrah) were treated with smoke produced from combustion of Tasmania Bluegum owing to poor growth of replicate plants of Chardonnay and Durif. Two grapevine varieties (Cabernet Franc and Pinot Noir) were exposed to smoke from combustion of Coast Live Oak a second time.
Establishment of glasshouse study Grapevines were treated with smoke in a small enclosed glasshouse as a means of keeping the light environment high during smoke treatment and avoiding the initial reduction in photosynthesis and gas exchange encountered in the smoke chamber. Six grapevine varieties (Cabernet Sauvignon, Chardonnay, Muscat Gordo, Pinot Noir, Shiraz and Verdelho, 120-mm canes) were obtained as own-rooted plants from a local supplier (Boulevarde Nurseries, Irymple, Vic.) and maintained in glasshouse facilities at the University of Melbourne (Creswick, Vic.). The glasshouse was naturally lit and held at a constant temperature range of 20-258C and ambient humidity. Twelve months before experimentation, rootlings were transplanted into 250-mm diameter Â 300-mm depth plastic pots in a commercially available potting mix (Hortopine, Vic.). Five replicates per variety were prepared. Grapevines were supplied with slow-release fertiliser at the time of potting and again after 6 months of growth. Plants were watered as required and pesticide and fungicide applied when needed. Plants were pruned every 3 months to manage their size and to promote new leaf growth. Plants were of a similar age and did not have flowers or fruits at any stage of the experiment.
Smoke was produced for the glasshouse study using a 100-mm diameter bee smoker (Beeco Bee Smoker) sourced from a local beekeeping supply company (Pender Beekeeping Supplies, NSW). Whole leaves for combustion were collected from the litter layer produced by mature Eucalyptus globulus trees growing in a small plantation on the edge of the Creswick State Forest near the University of Melbourne campus in Creswick. Leaves were air-dried and cut into 20 Â 20-mm pieces. The bee smoker was loosely packed with a 50-60 mm thick layer of leaf litter and lit with a butane lighter. As flaming combustion reduced, more leaf litter was added and the smoke produced was pumped around the leaves of the grapevine plants as uniformly as possible for 15 min. Replicates (n ¼ 5) of each grapevine variety were treated together on the same day and photosynthetic measures made between 0900 and 1300 hours.
Photosynthetic and gas exchange measurements
For both studies, gas exchange was measured and rates of net photosynthesis (A), stomatal conductance to water vapour (g s ) and transpiration (E) were calculated using an infrared gas analyser (LI-6400 Portable Photosynthesis System, Li-Cor Biosciences, Lincoln, NE) equipped with a clamp-on leaf cuvette. A photosynthetic photon flux density of 1000 mmol m À2 s
À1
was supplied by a 6400-04 LED blue-red light source and temperatures of 258C and 30% humidity were used throughout both studies. For the smoke chamber study, grapevines were transferred from the glasshouse to a growth room with a 12-h dark-light cycle providing light levels of 800-900 mmol m À2 s À1 and constant temperature (258C) and kept there for 2-3 days before and after smoke treatment. A young fully expanded leaf was selected on each plant and gas exchange was measured intensively on this leaf during two main time periods: 240 min (4 h) before exposure ('pre-smoke') and 240 min (4 h) after exposure to smoke ('post-smoke'). To account for the effect of the smoke chamber itself (i.e. reduced light availability), plants were placed into the chamber for 15 min before the start of pre-smoke measurements. The gas exchange of leaves was then measured every 10 min for the first hour then every 30 min for the next 3-h period. Plants were then transferred to the smoke chamber and exposed to smoke for 15 min produced by burning one of the two fuel types (Coast Live Oak or Tasmanian Bluegum). Gas exchange was measured immediately after removal of the plant from the smoke chamber (post-smoke) and at the same frequency of measurement as before exposure to smoke (i.e. 10-and 30-min intervals). Gas exchange was measured again after 24 and 48 h. Four replicate plants of each grapevine variety were used.
To determine the response of leaves to repeated exposure to smoke, two grapevine varieties, Cabernet Franc and Pinot Noir, were exposed to smoke a second time in the smoke chamber (4 weeks after the first exposure) using the same treatment and measurement protocols as above (n ¼ 4). The two varieties selected for this comparison was based on the most marked short-term physiological response to smoke during the first exposure.
For the glasshouse study, grapevines were transferred to a small glasshouse (,15-m 2 floor space) at least 24 h before treatment to allow the plants to adjust to any change in ambient light conditions. The three youngest fully expanded leaves were tagged on each plant and rates of gas exchange were measured using these leaves. Measurements of gas exchange were made before smoke exposure (time ¼ 0 min), at 30, 60 and 90 min after exposure to smoke and again after 24 and 48 h. Five replicate plants of each grapevine variety were used.
Chlorophyll content of leaves
As the experimental period for both studies spanned 6-10 weeks in autumn, chlorophyll content of leaves was used to indicate if plants were entering winter dormancy. A leaf chlorophyll meter (SPAD-501, Minolta Corp., Osaka, Japan) was used to measure chlorophyll content of at least 20 of the youngest fully expanded leaves of each variety every fortnight for the smoke chamber study (four measurement times) and at the start and end of the glasshouse study (two measurement times).
Statistical analyses
Photosynthesis, gas exchange and chlorophyll data collected for each grapevine variety from both studies were compared using two-way repeated-measures ANOVA (PASW Statistics 21, SPSS Inc.). Sphericity of data was tested using Mauchly's test statistic and in all cases it was non-significant so variances of differences were assumed to be not significantly different (P . 0.05) and no correction tests were required.
Results

Smoke chamber study
All of the grapevine varieties tested in the smoke chamber study had low rates of photosynthesis, stomatal conductance and transpiration for the first 10-20 min of measurement regardless of whether they were exposed to smoke or not ( Fig. 1 ; note that only data for Pinot Noir and Chardonnay are shown). This is most likely due to low light conditions in the smoke chamber (250-300 mmol m À2 s À1 ). Leaves quickly adjusted to higher light conditions in the cuvette and after the first 30-60 min of measurement, mean rates of photosynthesis were between 8 and 13 mmol CO 2 m À2 s À1 , stomatal conductance ranged from 0.15 to 0.20 mol H 2 O m À2 s À1 and transpiration rates were 2.0-2.5 mol H 2 O m À2 s À1 before treatment with smoke ( Fig. 1 ). In the 4-h (240-min) period immediately after treatment with smoke from combustion of Coast Live Oak leaf litter there were three general patterns of gas exchange: (1) lower rates of gas exchange were maintained for the entire period of measurement (e.g. Cabernet Franc, Chardonnay; see Fig. 1 ), (2) rates quickly returned to pre-smoke levels and thereafter remained constant (e.g. Pinot Noir; see Fig. 1 , Syrah) or (3) rates of gas exchange gradually recovered to be close to pre-smoke values after 4 h (e.g. Cabernet Sauvignon, Durif). Despite this, three of the six grapevine varieties (Cabernet Franc, Cabernet Sauvignon and Pinot Noir) showed no significant difference in rates of gas exchange when pre-and post-smoke treatments were compared over the 4-h period of intensive measurement (two-way repeatedmeasures ANOVA; P . 0.05). The exceptions were for Durif, which had a significantly lower rate of photosynthesis after smoke exposure (F 1,3 ¼ 24.318, P , 0.001), Syrah, which had a significantly lower rate of stomatal conductance (F 1,3 ¼ 19.127, P ¼ 0.022), and both Chardonnay ( 
for Pinot Noir and Chardonnay using the smoke chamber. Rates were measured regularly over a 4-h time period before (closed circles) and after exposure to smoke (open circles) produced from combustion of leaf litter from Coast Live Oak.
and Syrah, which had significantly lower rates of transpiration (F 1,3 ¼ 46.348, P ¼ 0.006) after exposure to smoke. Similar patterns were evident for rates of gas exchange of leaves from four grapevine varieties when treated with smoke produced from combustion of leaf litter from Tasmanian Bluegum ( Fig. 2 ; note that only data for Cabernet Franc and Cabernet Sauvignon are shown). Three of the varieties (Cabernet Franc, Cabernet Sauvignon, Pinot Noir) showed no significant difference in rates of gas exchange within the 4-h period of intensive measurement after exposure to smoke (two-way repeated-measures ANOVA; P . 0.05). Syrah was the only variety to have a significantly lower transpiration rate after exposure to smoke (F 1,3 ¼ 13.353, P ¼ 0.035).
Two of the grapevine varieties, Cabernet Franc and Pinot Noir, were treated a second time with smoke from combustion Coast Live Oak leaf litter, 4 weeks after initial exposure. Prior to the second smoke treatment, mean rates of photosynthesis (5 mmol CO 2 m À2 s À1 , Fig. 3 ), stomatal conductance (0.07 mol H 2 O m À2 s À1 ) and transpiration (1.3-2.0 mol H 2 O m À2 s À1 ) were generally low compared with the first smoke treatment, but were not significantly different (two-way repeated-measures ANOVA; P . 0.05). Similarly, there were no significant differences between rates of gas exchange of these two varieties before and after treatment with smoke a second time (two-way repeated-measures ANOVA; P . 0.05).
As an indicator of short-term recovery of leaves, rates of gas exchange were compared for all grapevine varieties before (presmoke exposure) and at 4, 24 and 48 h after exposure to smoke produced from both types of leaf litter (Tables 1, 2, 3) . When compared with rates of photosynthesis before smoke treatment, some grapevine varieties had mean rates that were similar throughout the entire period of measurement (e.g. Cabernet Sauvignon) whereas other varieties had rates that were lower (e.g. Cabernet Franc) or higher (e.g. Chardonnay) at 24 and 48 h 
) for Cabernet Franc and Pinot Noir exposed to smoke a second time (4 weeks after first exposure to smoke). Rates were measured regularly over a 4-h time period before (closed circles) and after exposure to smoke (open circles) produced from combustion of leaf litter from Coast Live Oak.
after exposure (Table 1) . Regardless, there were no significant difference in photosynthesis among pre-or post-smoke exposure time (two-way repeated-measures ANOVA; F 3,9 ¼ 1.297, P ¼ 0.334) with lowest rates measured 4 h after exposure to smoke from Coast Live Oak. Similarly, mean rates of photosynthesis were not significantly different among grapevine varieties (F 5,15 ¼ 2.246, P ¼ 0.103), but there was a significant interaction of exposure time and variety (F 15,45 ¼ 3.907, P , 0.001). When Tasmanian Bluegum leaves were used as a fuel to produce smoke there were no significant difference among rates of photosynthesis for exposure time (F 3,9 ¼ 1.552, P ¼ 0.267) or grapevine variety (F 3,9 ¼ 1.609, P ¼ 0.255), nor with the interaction of these two variables (F 9,27 ¼ 0.718, P ¼ 0.688). When plants from two grapevine varieties were exposed to smoke from Coast Live Oak a second time, there was a significant difference for rates of photosynthesis for exposure time (F 3,9 ¼ 4.847, P ¼ 0.028), but not for variety (F 1,3 ¼ 0.136, P ¼ 0.737).
Prior to exposure to smoke, stomatal conductance ranged from 0.12 to 0.21 mol H 2 O m À2 s À1 (Table 2 ) and transpiration ranged from 1.85 to 2.63 mol H 2 O m À2 s À1 depending on grapevine variety (Table 3) . As with photosynthesis, the lowest mean rate of both measures of gas exchange was for 4 h after exposure to smoke but all plants had returned to pre-smoke rates after 48 h. For stomatal conductance, significant differences were found among exposure time when grapevines were subjected to smoke from both Coast Live Oak (F 3,9 ¼ 7.614, P ¼ 0.008) and Tasmanian Bluegum (F 3,9 ¼ 15.955, P ¼ 0.001), but only among grapevine varieties when exposed to smoke from Tasmanian Bluegum (F 3,9 ¼ 9.428, P ¼ 0.004). Similar patterns were evident for rates of transpiration where significant differences were found among interval time when exposed to smoke from both Coast Live Oak (F 3,9 ¼ 6.196, P ¼ 0.014) and Tasmanian Bluegum (F 3,9 ¼ 11.290, P ¼ 0.002), and for grapevine variety when exposed to smoke from Coast Live Oak (F 5,15 ¼ 3.347, P ¼ 0.031) but not when exposed to smoke from Tasmanian Bluegum leaf litter.
Glasshouse study
Apart from Pinot Noir, rates of photosynthesis and transpiration immediately after treatment with smoke (0 min) were similar to pre-smoke rates of photosynthesis ( Fig. 4a, e ; note that only data for Pinot Noir and Chardonnay are shown). After 48 h, all varieties had returned to pre-smoke levels of gas exchange, and in some cases (Verdelho, Muscat Gordo; data not shown) rates of gas exchange were higher than before exposure to smoke. These patterns however were only significant for rates of stomatal conductivity (two-way repeated-measures ANOVA; F 5,20 ¼ 14.894, P , 0.001). In contrast, there were consistent significant differences among grapevine varieties for rates of photosynthesis (F 6,24 ¼ 17.218, P , 0.001), stomatal conductivity (F 6,24 ¼ 29.048, P , 0.001), and transpiration (F 6,24 ¼ 17.118, P , 0.001). Pinot Noir and Chardonnay (Fig. 4) ).
Chlorophyll content of leaves
The chlorophyll content of leaves increased in some varieties and decreased in others throughout the study periods for the smoke chamber and glasshouse studies. During the smoke chamber study, the chlorophyll content of grapevine leaves varied significantly during the course of the experiment (twoway repeated-measures ANOVA; F 3,12 ¼ 12.779, P , 0.001) for all of the grapevine varieties (F 5,20 ¼ 11.415, P , 0.001), and there was a significant interaction between measurement time and grapevine variety (F 15,60 ¼ 7.785, P , 0.001; data not shown). During the glasshouse study, the chlorophyll content of leaves did not vary significantly between the start and end of the experimental period (F 1,4 ¼ 1.654, P ¼ 0.268) for any of the grapevine varieties, but chlorophyll content did vary among varieties (F 5,20 ¼ 6.961, P ¼ 0.001), and there was a significant interaction between the two variables (F 5,20 ¼ 5.903, P ¼ 0.002; data not shown).
Discussion
In general, short-term exposure of leaves to smoke had little effect on photosynthesis, stomatal conductance or transpiration for an array of grapevine varieties. Most of the varieties tested quickly returned to pre-smoke levels and certainly all varieties had recovered within 48 h. Working with a range of deciduous angiosperm and evergreen coniferous species and 30-min periods of exposure, Calder et al. (2010) also found rates of photosynthesis of plants exposed to smoke to be comparable with control (unsmoked) plants after 48 h. In their study, deciduous plants recovered more slowly than coniferous plants but for all species tested no long-term differences in seedling growth or leaf chemistry were evident. Similarly, when Chrysanthemoides monilifera (Bitou Bush, Asteraceae) was exposed to smoke for 1 min, rates of photosynthesis and gas exchange recovered to levels measured for control plants within 24 h (Gilbert and Ripley 2002) . It is obvious that physiological responses of leaves of grapevines to short-term smoke exposure are relatively short-lived and are similar to responses of other woody species, albeit only a small number of species have been tested. There is little published information available that can be used for direct comparison with the current study exploring the leaf-level effects of exposure of grapevines to smoke. The lack of information is quite surprising as it has been reported that grapevines are one of the most economically important and widely grown fruit species (Vivier and Pretorius 2002) , and interest in this species is increasing with the development of new technologies such as gene sequencing, mass spectrometry and proteomics (e.g. Hayasaka et al. 2005; Troggio et al. 2008; Marangon et al. 2009; Giribaldi and Giuffrida 2010) . 
) for Pinot Noir and Chardonnay exposed to smoke in the glasshouse study. Rates were measured before exposure to smoke (pre-smoke; black bar), immediately after (0 min), and at various time intervals up to 48 h after exposure (grey bars). Smoke was produced by combusting leaf litter from Tasmanian Bluegum.
This research gap is also intriguing given the recent interest in smoke taint in wine, particularly in Australia (Kennison et al. 2007; Jiranek 2011) . Much of the smoke-related work in Australia involving grapevines has concentrated on the chemistry of production processes and amelioration of smoke taint in wine (e.g. Fudge et al. 2011; Kennison et al. 2011; Ristic et al. 2011) whereas the physiological effects of smoke on the plants is yet to be considered. However, the body of knowledge that describes the variation within Vitis vinifera as a commercial production species can be used as an indication of the responses to help explain the variability shown in physiological response to smoke.
Photosynthesis is very sensitive to prolonged stress such as high temperature or drought, particularly during vegetative and reproductive stages of development in grapevines (Kadir 2006) . Heat stress can reduce rates of net CO 2 assimilation, stomatal conductance and transpiration and ultimately lead to a reduction in plant growth and fruit size, changes in berry development and colour and a reduction in acidity and sugar content of juice (Regina and Carbonneau 1999; Medrano et al. 2003; Kadir 2006; Greer and Weston 2010) . In contrast, short pulses of heat stress can have minimal effect on rates of photosynthesis and transpiration and little effect on longer-term fruit development and quality (Soar et al. 2009 ). Grapevines subject to water stress were more severely affected by additional short-term temperature stress than plants undergoing short-term temperature stress alone but all plants had the capacity to recover quickly (Edwards et al. 2011) . On the basis of such tolerance, it is not surprising that grapevines recovered rapidly after short-term exposure to smoke, particularly as the plants were not otherwise stressed (i.e. well watered and fertilised). It may also be reasonable to expect that there would be no long-term consequences for plant growth and yield after short-term exposure to smoke. Nonetheless, as bushfires mostly occur in hot dry summer months, the relatively benign physiological effects of short-term exposure to smoke demonstrated here may be exacerbated under seasonally stressful environmental conditions. The effect may be further influenced by higher temperatures and increased emissions of CO 2 and other greenhouse gases as predicted under future climate change scenarios (Webb et al. 2007; Keller 2010) . However, responses to smoke under future climatic scenarios are likely to be complex as grapevines have the ability to respond at the leaf-level by altering stomatal density when subjected to changed levels of atmospheric CO 2 (Moutinho-Pereira et al. 2009; Rogiers et al. 2011) .
Stomata are the main point of entry for gaseous contaminants, so regulation of the opening and closing of stomata will play a key role in determining plant sensitivity to smoke (Darrall 1989) . Reduction in stomatal conductance is one of the first responses associated with drought or water stress in grapevine plants as it relates to conservation of leaf water status and regulation of internal CO 2 supply (see reviews by Chaves et al. 2010; Lovisolo et al. 2010) . Leaf stomata responses of grapevines to other forms of stress such as temperature vary widely from minimal or limited response to being strongly correlated with temperature according to cultivar or genotype, timing and intensity of heat stress and light and water availability (e.g. Sepúlveda and Kliewer 1986; Ferrini et al. 1995; Palliotti et al. 2009; Edwards et al. 2011; Luo et al. 2011) . As the plants in this study were not stressed in relation to water availability, temperature or nutrient supply, any short-term reduction in gas exchange was most probably due to some chemical component in smoke. There were some changes in chlorophyll content of leaves during the 8-week course of the smoke chamber study, but not the glasshouse study, so we cannot discount that seasonal changes and variety may have had some role in response to smoke exposure.
Many of the components of smoke are also atmospheric pollutants and countless studies have shown that air pollution can impinge on plant physiology (see general reviews by Krupa and Manning 1988; Darrall 1989; Robinson et al. 1998; and Weinstein 1984 for a specific review of the effect of pollution on grapevines). For example, there are many VOCs present in smoke from smouldering wood (McKenzie et al. 1995) , and burning vegetation (Andreae and Merlet 2001) and this group of compounds is known to influence stomatal conductance and other leaf physiological processes (Cape 2003) . Dust, which has a size and physical structure similar to particulate matter produced during bushfires (i.e. diameter range from 0.5 to 43 mm, Ward and Hardy 1991), has been shown to reduce stomatal conductance, decrease photosynthesis and increase leaf temperatures (Hirano et al. 1995; Grantz et al. 2003) . Net photosynthesis may be reduced during short-term exposure to SO 2 (2-24-h exposure) with relatively rapid recovery ranging from immediately after exposure to several days after removal of the pollutant (Darrall 1989) . Ozone is particularly toxic to plants ( Krupa and Manning 1988; Black et al. 2000) , even at levels near ambient (Bergmann et al. 1995) , but is a secondary gaseous product and found in greater concentrations as the smoke plume ages. Even CO 2 can disrupt normal cellular functioning in high concentrations (Robinson et al. 1998) . In contrast, when the gases NO x and NH 3 are deposited onto internal leaf surfaces via stomata, they are rapidly dissolved in the apoplast to form NO 2 À , NO 3 À and NH 4 þ and can be utilised by plants through normal enzymatic pathways (Fangmeier et al. 1994; Stulen et al. 1998) . Smoke from forest fires in Indonesia in 1997 caused increases in atmospheric levels of CO 2 , CO, SO 2 and CH 4 and, although concomitant reductions in photosynthesis and stomatal conductance of saplings trees were largely attributed to reduction of photosynthetically active radiation, atmospheric pollutants are likely to have had a role (Davies and Unam 1999) .
Given the potential for the chemical components of smoke to influence rates of leaf functioning, the type of fuel used to produce smoke is likely to have a role in determining physiological response of leaves. In this study, grapevines showed greater sensitivity to smoke from burning leaf litter from Coast Live Oak compared with Tasmanian Bluegum. It is difficult to extrapolate from other smoke exposure studies as only single fuel types were used ranging from a common grass (Gilbert and Ripley 2002) to a mixture of leaves representing the experimental species (Calder et al. 2010) . Similarly, research investigating smoke taint in wine has only used fruit exposed to smoke produced from combustion of dry barley straw (e.g. Kennison et al. 2011 and references therein; Ristic et al. 2011; Wilkinson et al. 2011) or fruit collected after being opportunistically exposed to smoke from summer bushfires (e.g. Fudge et al. 2011; Singh et al. 2011) or planned burning (Hayasaka et al. 2010) . The amount of fuel burnt will also determine the concentration of the gaseous and particulate components of smoke. An obvious weakness of both the smoke chamber and glasshouse studies was a lack of control of the density of smoke, particularly in the glasshouse setup. All attempts were made towards consistency during smoke production by drying, homogenising and weighing fuel. Further experimentation involving more elaborate chamber design with analytical capacity such as mass spectrometry (see Maleknia et al. 2007 Maleknia et al. , 2009 ) would be required to describe and quantify the smoke used. This challenge is being addressed in our current studies and results from this research agenda will be more comparable to the effects of smoke from planned fires and small-scale bushfires.
The length of time of smoke exposure may be critical for plant functioning. In our experiments 15 min of exposure to smoke produced no visible leaf injury. Rates of photosynthesis, stomatal conductance and transpiration of Chrysanthemoides monilifera returned to control (unsmoked) levels when plants were exposed to smoke for 1 min but exposure for 5 min caused leaf necrosis and shoot death (Gilbert and Ripley 2002) . Smoke from bushfires may be present for hours to days depending on the type and extent of the fire, fuel loads, fire behaviour, topography and prevailing winds. As an illustration of the potential time and extent of exposure, the smoke generated during the 59 days that the Alpine bushfires in Victoria in 2003 burnt was trapped locally in the valley system in the area but also blanketed the greater Melbourne metropolitan area prompting smog alerts and health warnings (Wareing and Flinn 2003) . More realistically, smoke from smaller bushfires and planned fires generally only persists for the duration of the fire apart from localised smouldering of fallen wood and tree stumps.
In this study, white varieties of grapevine (Chardonnay and Verdelho) were generally more sensitive to smoke than red varieties (Pinot Noir, Shiraz, Cabernet Sauvignon), but this largely depended on the source of the smoke. Comparison and classification of varieties of grapevines according to some feature or behaviour is common and can be of practical use. For example, several grapevine varieties have been classified as being isohydric (e.g. Grenache) or anisohydric (e.g. Syrah) according to their ability to maintain or vary leaf water potential (Schultz 2003) . Water use and gas exchange of three contrasting grapevine varieties measured by Moutinho-Pereira et al. (2007) also indicated that there are morphological, biochemical and physiological differences that confer tolerance to abiotic stress such as drought and high light intensity. Differences in tolerance of grapevine rootstocks to water limitation have been demonstrated and the significance of such information for management purposes was highlighted (Koundouras et al. 2008) . Other research indicates that certain wine grapevine varieties can cope better with drought (e.g. Chardonnay . Semillon, Regina and Carbonneau 1999) , disease (e.g. Cabernet Sauvignon . Merlot, Christen et al. 2007 ) and heat (e.g. Cabernet Sauvignon . Chardonnay . Pinot Noir, Kadir 2006) or to respond to irrigation (e.g. Tempranillo . Manto Negro, Medrano et al. 2003 ), but such trends are difficult to extrapolate for tolerance of smoke. However, the response of herbaceous species with mesophytic leaves to smoke compared with native Australian species with sclerophyllous leaves has indicated greater sensitivity of the former (V. Aerts, unpubl. data). Understanding the susceptibility of different varieties of grapevine and other agricultural or horticultural crops to smoke damage will help land managers work together with local producers to determine optimal timing and extent of planned fire events to reduce the effect of smoke.
We can conclude that smoke from burning vegetation has little effect on the short-term leaf physiology of grapevines. This is irrespective of fuel type and grapevine variety. However, in this study only a single species of plant was investigated and only two fuel types were used. The combustion products from vegetation fires are highly complex and vary considerably according to fuel type, weather conditions and fire behaviour so there is great potential for other agricultural and nonagricultural species to be affected differently by smoke. Length of exposure time, concentration of smoke components, plant phenology and the interplay of other plant stresses such as drought, nutrient limitation, competition and high temperature may also play an important role in plant recovery after exposure to smoke and further studies should take these variables into consideration.
